[1] There is a systematic variation in axial morphology and axial depth along the Southeast Indian Ridge (SEIR) with distance away from the Australian Antarctic Discordance, an area of cold uppermost mantle. Since spreading rate (72-76 mm/yr) and mantle geochemistry appear constant along this portion of the SEIR, the observed variations in axial morphology and axial depth are attributed to a gradient in mantle temperature. In this study, we report results from a multichannel seismic investigation of on-axis crustal structure along this portion of the SEIR. Three distinct forms of ridge crest morphology are found within our study area: axial highs, rifted axial highs, and shallow axial valleys. Axial highs have a shallow ($1500 m below seafloor (bsf)) magma lens and a thin ($300 m) layer 2A along the ridge crest. Rifted axial highs have a deeper ($2100 m bsf) magma lens and thicker ($450 m) layer 2A on-axis. Beneath shallow axial valleys, no magma lens is imaged, and layer 2A is thick ($450 + m). There are step-like transitions in magma lens depth and layer 2A thickness with changes in morphology along the SEIR. The transitions between the different modes of axial morphology and shallow structure are abrupt, suggesting a threshold-type mechanism. Variations in crustal structure along the SEIR appear to be steady state, persisting for at least 1 m.y. Portions of segments in which a magma lens is found are characterized by lower relief abyssal hills on the ridge flank, shallower ridge flank depths, and at the location of along-axis Mantle Bouguer Anomaly (MBA) lows. The long-wavelength variation in ridge morphology along the SEIR from axial high segments to the west to axial valley segments to the east is linked to the regional gradient in mantle temperature. Superimposed on the long-wavelength trend are segment to segment variations that are related to the absolute motion of the SEIR to the northeast which influence mantle melt production and delivery to the ridge.
Introduction
[2] The worldwide system of mid-ocean ridges shows a systematic pattern of morphological and structural characteristics that has been related to spreading rate. Fast spreading ridges are characterized by axial highs, low-relief abyssal hills, magma lenses at shallow depths in the crust, and thin layer 2A at the ridge-axis that thickens off-axis [e.g., Menard, 1960; MacDonald, 1989; Detrick et al., 1987 Detrick et al., , 1993 Christeson et al., 1996; Hooft et al., 1996] . Slow spreading ridges are characterized by axial valleys, large abyssal hills, and thick onaxis layer 2A that does not thicken off-axis [e.g., Heezen, 1960; MacDonald, 1986; Hussenoeder et al., 2002] . No magma lens has been conclusively imaged to date at a ridge with a well-developed axial valley Calvert, 1995 Calvert, , 1997 although a zone of low seismic velocities presumably associated with melt within the crust has been detected deeper in the crust than at fast spreading ridges [Canales et al., 2000] .
[3] Phipps Morgan and Chen [1993] presented a model for crustal accretion in which the thermal structure at the ridge axis is governed by the balance between heat input to the crust through magma injection and heat removal through hydrothermal circulation. This model predicts that the magma lens will become deeper with decreasing spreading rate. Purdy et al. [1992] have presented observations that suggest a systematic relationship between spreading rate, and magma lens depth supporting a Phipps Morgan and Chen [1993] type model. At a given spreading rate, the Phipps Morgan and Chen [1993] model is very sensitive to magma supply to the crust (crustal thickness) because of the critical role that the latent heat of crystallization plays in maintaining the magma lens.
[4] The morphology and crustal structure observed at fast spreading and at slow-spreading ridge axes represent two very different and distinct modes of ridge axis structure. It is of importance in understanding ridge axis processes to determine how and under what circumstances one mode passes into the other. Acquiring this knowledge requires examination of intermediate spreading rate ridges. Ridge axis morphology at intermediate ridges is found to range from axial highs to axial valleys and includes morphologies that are transitional between these two end-members. Intermediate spreading ridges thus present an opportunity to examine the nature of the transition between different forms of morphology and the sensitivity of ridge structure to small changes in parameters such as spreading rates, melt supply and mantle temperature.
[5] The Southeast Indian Ridge (SEIR) is an intermediate spreading ridge (55-76 mm/yr) that displays both axial high and axial valley morphologies [Small and Sandwell, 1989; Malinverno, 1993; Small, 1994; Ma and Cochran, 1996] . In our study area, from 100°E to 112°E, spreading rate varies between 72-76 mm/yr, and the axial morphology varies from axial highs to axial valleys. These variations in morphology have been interpreted as due to changes in the magma supply (caused by variations in mantle temperature) Sempéré et al., 1997] . The SEIR thus presents an ideal spreading center to study the relationship between changes in shallow crustal structure and magma supply at a ridge where it appears that only mantle temperature varies along the axis. We conducted a multichannel seismic survey between 100°E-112°E to image the shallow crustal structure of the SEIR ridge axis and flanks. In this paper we investigate variations in shallow crustal structure (magma lens and layer 2A) along the SEIR axis and how changes in axial morphology, Mantle Bouguer Anomaly (MBA), ridge flank depth and abyssal hill relief relate to variations in the depth and distribution of magma lenses detected in reflection seismic data, and the thickness and geometry of seismic layer 2A. By studying the SEIR, we can assess the effects of changes in mantle temperature on crustal structure independent of chemical variation and spreading rate.
Tectonic Setting
[6] The SEIR is the boundary between the Australian and Antarctic plates, extending from the Rodriguez Triple Junction, located east of Madagascar at 25°S, 70°E to the Macquarie Triple Junction south of New Zealand at 63°S, 165°E. Our study area between 47°S, 100°E and 50°S, 112°E (Figure 1 ) is at the equator to the opening pole and as a result the spreading rate only varies by a few mm/yr through the entire region. The spreading center in this region has had a spreading rate of $72 mm/yr since the Oligocene [Royer and Sandwell, 1989; Demets et al., 1994] .
[7] Two hot spots located to the west of our study area have been suggested to influence mantle temperature along the SEIR . Amsterdam-St. Paul is a weak near-axis hot spot located at $77.5°-78.5°E [Conder et al., 2000] . The Kerguelen and Heard hot spot group (46°S, 65°E to 64°S, 85°E) is situated approximately 1500 km south of the SEIR, but has been argued to feed material to the ridge axis near 84°E [Small, 1995; Ma and Cochran, 1996; Yale and Phipps Morgan, 1998 ].
[8] The Australian-Antarctic Discordance (AAD) (120°E-129°E) is located to the east of the study area. It is a very deep area with rough topography and a well-developed rift valley [Palmer et al., 1993; Christie et al., 1998 ] that has been interpreted as an area of cold asthenospheric conver-gence [Weissel and Hayes, 1974; West et al., 1994 West et al., , 1997 Klein et al., 1988] . This interpretation is supported by shear wave studies that reveal faster than normal velocities indicative of a colder than normal mantle [Forsyth et al., 1987] . Gravity data suggests a thin crust and low mantle temperatures within the AAD [West et al., 1994] . These inferences are consistent with seismic refraction results, which indicate a crustal thickness of only 4.2 km [Tolstoy et al., 1995] . Within the AAD, Fe and Si abundances suggest a shallow solidus depth, further supporting a colder mantle source [Klein et al., 1991; Pyle, 1994] . Within the AAD, there is an isotopic boundary near 126°E interpreted as a boundary between Indian Ocean and Pacific Ocean geochemical provinces [Klein et al., 1988; Pyle, 1994] .
Morphology of the SEIR
[9] The segmentation of the 100°E to 112°E section of the SEIR was originally defined by and Sempéré et al. [1997] , and includes a series of first and second-order segments separated by transform faults, overlapping spreading centers (OSC) and propagating rifts. Although spreading rates are constant across the region, three distinct modes of axial morphology characterize the segments of the SEIR in our study area with an axial high in the west transitioning to a rifted axial high and then to a shallow axial valley to the east (Figure 2 ). East of 114°20 0 E, a deep axial valley (>1000 m) is found .
[10] Segment P1, the westernmost segment of our survey, centered at 101°E, has a well-defined axial high that is 15-20 km wide and 250-400 m high (Figure 2a ), similar in dimension and shape to the axis of a segment of the fast spreading (90-150 mm/yr) East Pacific Rise [e.g., Small, 1998 ]. Segment P2 has a rifted axial high 15-20 km wide, but only 100-200 m high (Figure 2b ). Normal faults with offsets of 50-100 m are found very close to the ridge axis, often within 1 km. Segment S1, the easternmost segment surveyed, is characterized by a shallow axial valley that is 10-15 km wide and 500-800 m deep (Figure 2c ). This valley does not have a typical well-defined ''rift valley'' appearance with large bounding faults. The dimensions of the shallow axial valley along segment S1 are typical of those found along portions of other intermediate rate ridges such as the Galapagos Spreading Center (GSC) west of 95°W [Canales et al., 1997 Detrick et al., 2002; Sinton et al., 2003 ].
[11] The term ''transitional'' axial morphology used previously to describe the western GSC morphology [Canales et al., 1997] encompasses both what we call a rifted axial high and shallow axial valley (Figures 3d and 3e) . Christie et al. [2005] use ''valley-and-ridge'' to describe the same range of morphologies along the eastern GSC. As we show here, rifted axial highs and shallow axial valleys are distinct morphologies, which differ in shallow axial crustal structure. Almost every individual segment along the SEIR is dominated by a single type of morphology, although there are two segments (Segments P3 and R) within the study area that have a transition in morphology.
[12] Within transitional segment P3, all three modes of axial morphology occur and separate the segment into three distinct subsections. To the west, there is a plateau-style axial high (102°56 0 E-103°13 0 E), with a rifted axial high in the middle section (103°13 0 E -103°41 0 E) and an axial valley further east (103°41 [13] The SEIR axis deepens by 2100 m from 88°E to116°E (Figure 4d ) but the change in ridge flank depth over the same distance is only 500 m (2800-3300 m) (Figure 4b) . Much of the change in ridge axis depths is due to changes in the form of the dynamically supported axial morphology. In contrast, the ridge flank depth variation is isostatic in origin and provides information about alongaxis changes in mantle temperature and crustal thickness Figure 2. Cross-axis bathymetric profiles illustrating the three distinct modes of axial morphology found in our study area. Profiles are located near segment centers of (a) axial high segment P1, (b) rifted axial high segment P2, and (c) shallow axial valley segment S1. Profiles are projected parallel to the local spreading direction with longitude of axis crossing labeled. The northern flank is to the right, and the axis is at the origin of the horizontal scale. al., 1997]. Shallower ridge flank depths can be caused by thicker crust and/or higher mantle temperatures (i.e., lower mantle density). The along-axis eastward increase in depth of the ridge flanks suggests a decrease in temperature and/or crustal thickness.
[14] Changes in axial morphology along this portion of the SEIR are accompanied by distinct changes in the form and size of abyssal hills Cochran, 1996, 1997; Goff et al., 1997] . Ma and Cochran [1997] measured bathymetric roughness on the flanks of the SEIR, which primarily , representing abyssal hill relief, was determined using the EOF technique [Small, 1994] . Roughness lows indicating smaller abyssal hills occur midsegment and correlate with locations of the magma lenses in segments P1, P2, P3, and R. (b) Along-axis ridge flank depth at 10 km off-axis (black is the northern flank, and gray is the southern flank) . Midsegment shallow points correspond to locations of axial magma lenses (see text for discussion). (c) Axial mantle Bouguer anomaly (MBA) as a function of longitude along the SEIR . Midsegment MBA lows (suggesting thicker crust or hotter mantle) correspond to locations of magma lenses along the SEIR. (d) Cross section along the axis of the SEIR showing depths to the seafloor (black), the base of layer 2A (orange), and the axial magma lens (red) reflection digitized from the along-axis multichannel seismic reflection data. Stars are measurements from cross-axis seismic lines for depth to the base of layer 2A and the magma lens.
reflects abyssal hill height. They found lower bathymetric roughness (lower relief abyssal hills) associated with axial high segments and higher roughness (larger abyssal hills) at axial valley segments.
[15] A pronounced west to east regional increase in MBA gravity anomalies occurs along the SEIR from $À65 mGals at 88°E to $À40 mGals at 103°E at the western end of segment P3 (Figure 4c ). There is a sharp 10 mGal step in MBA within segment P3. To the east of this segment, axial MBA increase more gradually to À17 mGals in segment S1 at 112°E . Since spreading rates and mantle source are both nearly constant along our study area [Royer and Sandwell, 1989; Mahoney et al., 2002] , Cochran and Sempéré [1997] and Sempéré et al. [1997] attribute the regional gradients in depth and gravity to a gradient in mantle temperature from hotter in the west to cooler in the east. The changes in gravity and depth between 88°E and 116°E can be explained by a west to east decrease in crustal thickness of 1.7-2.4 km, or a 55-100°C decrease in mantle temperature or some combination of the two .
Methods
[16] During December 2001 and January 2002, a multichannel seismic (MCS) survey was conducted from the R/V Maurice Ewing along the SEIR from 100°E to 112°E (Figure 1 ). The experiment consisted of detailed seismic reflection surveys with both on-axis and cross-axis (extending $50 km away from the ridge axis) profiles within segments P1, P2, and S1. Additional on-axis seismic reflection profiles were collected along segments P3, P4, and R during transits between the main survey areas.
[17] Seismic reflection data were collected using a 6 km-long digital hydrophone streamer with 480 channels and a group spacing of 12.5 m. The seismic source was a tuned 10-gun, 3050 in 3 array that was towed at a depth of 8 m. Data were recorded at 2 ms sample rate for 12 seconds. A nominal shot interval of 50 m was used for our surveys of segments P1, P2, and P3 and a 37.5 m shot interval was used for segments P4, R and S1. The recorded signal has a bandwidth of about 2-100 Hz. The nominal common midpoint (CMP) spacing is 6.25 m and the data trace fold is 61 for segments P1, P2 and P3, and 81 for segments P4, R and S1.
[18] Extremely harsh weather conditions in the Southern Ocean resulted in a degraded signal-tonoise ratio during data acquisition, in particular during the first part of the cruise. Furthermore, poor streamer balancing also resulted in higher levels of streamer noise and significant imaging problems during surveys of segments P1 and P2.
[19] Seismic data were processed using Landmark's ProMAX seismic data processing package. Bandpass (2-7-100-125 Hz) and f-k filters on shot gathers were applied to remove cable noise and to improve signal-to-noise ratio. The data traces were then amplitude normalized, deconvolved, edited and sorted to CMP gathers. This was followed by velocity analysis, normal moveout (NMO) correction, stacking, f-k migration, and mild coherency filtering of the final reflection image. For on-axis lines semblance analysis was used to identify two-way travel time (twtt) to the magma lens reflection. Optimal stacking velocity functions for the axial profiles were constructed using the on-axis velocity solution from the East Pacific rise at 9°N [Vera et al., 1990] , modified for the observed travel times to the magma lens reflection and hung from the seafloor. On crossaxis lines, the on-axis velocity function was used in the axial region (1000 CMPs closest to the ridge axis). Farther off-axis, the stacking velocity function was formed using a simplified velocity function marking major velocity gradients in the crust. For the sedimented areas, the stacking velocities to the top of the igneous basement were determined using the velocity spectrum method.
[20] The base of layer 2A is marked by a velocity gradient that may correspond with the boundary between intrusives and extrusives in the oceanic crust Vera and Diebold, 1994; Christeson et al., 1996] . This velocity gradient zone causes refracted or turning waves, that are recorded at far source-receiver offsets (usually >1.5 km) and can be stacked. Optimal stacking velocities for the layer 2A event are chosen from bandpass filtered (2-7-40-60 Hz) constant velocity stacks confined to the far offset traces (2-4 km), along with examination of CMP gathers. As the layer 2A event can typically be well imaged at a range of velocities, care must be taken to use consistent criteria in choosing stacking velocities. Here we selected the lowest velocities that optimize the 2A event stack. The stacked section was f-k migrated and mildly coherency filtered. A 60 ms window encompassing the 2A event was then merged into the main migrated stack section. By using the ''pick and paste'' method of imaging the layer 2A arrival, the layer 2A event is optimized because the image is constrained to the far offsets where the arrival is observed [e.g., Vera and Diebold, 1994; Carbotte et al., 2000] .
[21] Two-way travel time to the layer 2A and magma lens events were converted to depth using a constant velocity of 3 km/s for layer 2A, and 5.5 km/s for the section between the base of layer 2A and the magma lens (layer 2B). These are typical crustal velocities [e.g., Vera et al., 1990; Harding et al., 1993; Hooft et al., 1996; and have been confirmed through a 1-D velocity analysis (unpublished work). Uncertainties in our estimates of depth to the magma lens and layer 2A thickness arise from picking errors, and uncertainties in stacking velocities and in velocities used for depth conversion. We estimate picking errors of ±8 ms and errors due to inaccurate stacking velocities on the order of 40 ms for the layer 2A event. Considering the range of plausible interval velocities for depth conversion, we estimate uncertainties of ±80 m for magma lens depth, and ±100 m for layer 2A.
Results
[22] The magma lens and the base of layer 2A events were digitized for all along-axis MCS profiles. Figure 4d shows these picks, converted to meters below sea level. Figure 5 shows a map of each individual segment, with the corresponding on-axis seismic section. We report average magma lens depth and average on-axis layer 2A thickness for each segment in twtt and converted to depth using the constant velocities noted earlier, and provide the uncertainties as standard deviation. Layer 2A thicknesses for the ridge flanks are reported in twtt only.
[23] Along the axial high segment P1, a magma lens is imaged beneath $30% of the segment at an average depth of 630 ± 50 msec twtt ($1480 m) bsf (Figures 4d and 5a) . The magma lens event is confined to the shallowest, western section of the segment where it reaches the shallowest depths found in our study area. A super CMP gather from a location along segment P1 where a magma lens reflection is observed is shown in Figure 6a . From cross-axis lines, the width of the magma lens is approximately 1.1 km (Figure 7) . The weak and discontinuous magma lens detected along this segment probably reflects the poor acquisition conditions discussed earlier.
[24] The average thickness of layer 2A along the axis of segment P1 is 210 ± 30 msec twtt ($310 m) and the 2A event is nearly continuous throughout the segment (Figures 4d and 5a) . Layer 2A thickens away from the axis to 340 ± 60 msec twtt within 3 km of the axis (Figure 7 ).
[25] Along the rifted axial high segment P2, a magma lens event is observed under $20% of the segment, at an average of 880 ± 20 msec twtt (2100 m) bsf (Figure 5b ). As at segment P1, the magma lens event is only found beneath the shallowest portion of the segment. The magma lens deepens away from the segment center. From the cross-axis lines the width of the magma lens is about 1.25 km.
[26] The on-axis thickness of layer 2A at segment P2 is greater and more variable than at segment P1, with an average thickness of 310 ± 100 msec twtt ($460 m) (Figure 5b ). Layer 2A is thicker beneath the eastern end of the segment where the axial high changes to a shallow axial valley approaching the transform bounding the segment (Figure 1) . Offaxis, the average thickness of layer 2A determined from cross-axis lines is 340 ± 60 msec twtt, comparable to that observed on-axis and indicating minimal thickening away from the axis.
[27] A magma lens is not imaged beneath the axial valley segment P4 (Figure 5d ). The base of layer 2A is well imaged beneath almost the entire segment at an average depth of 300 ± 80 msec twtt ($450 m) bsf (Figure 5d ). The thickness of layer 2A varies along the segment, with the thickest layer 2A occurring in the west, and the thinnest layer 2A in the east approaching the bounding transform fault (Figure 4d ).
[28] At segment S1 (110°E -112°E), the axial valley is deeper and better defined than at segment P4. No magma lens is imaged beneath this segment (Figures 4d and 5f ). The layer 2A event is observed at an average twtt of 530 ± 50 msec ($800 m) bsf. However, large variations in layer 2A thickness (up to 350 m) are found along this segment. Some of the changes are gradual whereas others are abrupt. The layer 2A event is imaged along almost the entire segment, although not as a continuous event. Cross-axis lines show similar travel times to the layer 2A event off-axis as on-axis.
[29] Segment P3 is composed of three subsections each with a distinct axial morphology. Characteristics of the magma lens and layer 2A differ significantly for each subsection. Beneath the western axial plateau subsegment, a bright contin- Figure 1 . On the seismic sections, arrows point to the magma lens (red) and the layer 2A events (tan). Digitized picks coincide with the white-to-black transition for the magma lens event and the black-to-white transition for the layer 2A event. Asterisks show locations of supergathers plotted in Figure 6 . The black arrow on the top of the seismic section coincides with the location of the cross-axis line shown in Figure 7 . (a) Segment P1 has thin nearly uniform thickness layer 2A and a shallow magma lens. (b) Segment P2 has thicker layer 2A and a deeper magma lens. (c) Segment P3 has a transition in internal crustal structure that corresponds to the transition in ridge morphology. In the westernmost part of the segment, where an axial high is observed, layer 2A is thin and the magma lens is shallow. Within the region of the rifted axial high, layer 2A is thin and the magma lens is located 600 m deeper. To the east, in the axial valley portion of the segment, layer 2A is significantly thicker and no magma lens is imaged. (d) Segment P4 has thick layer 2A with no magma lens imaged. (e) Segment R has a thick layer 2A and deep magma lens under the portion of the segment with an axial high. (f) At axial valley segment S1, layer 2A is thick and variable, and no magma lens is imaged. 2005GC000943 uous magma lens event occurs beneath $30% of the axis at an average depth of 810 ± 20 msec twtt ($1900 m) bsf (Figures 4d and 5b) . The magma lens reflection is strong and varies little in depth.
Geochemistry Geophysics
[30] At the transition to the central, rifted axial high subsection, the magma lens abruptly drops by $160 msec to 970 ± 40 msec twtt ($2320 m) bsf (Figures 4d and 5c) . A supergather showing the magma lens event from this subsection is shown in Figure 6b . The magma lens reflector is present beneath almost the entire central subsegment with little variation in depth (Figures 4d and 5c ). At the transition to the axial valley subsegment, the magma lens reflection abruptly disappears and is not imaged further east.
[31] The on-axis thickness of layer 2A also differs significantly among the subsections of segment P3. For the axial high and the rifted axial high subsections, average layer 2A thickness on axis is 250 ± 20 msec twtt ($370 m) and 270 ± 40 msec twtt ($400 m) respectively (Figures 4d and 5c ). Layer 2A thickness variations are minor and the base of layer 2A is imaged as a continuous event. In contrast, in the axial valley subsection, average layer 2A thickness is 490 ± 120 msec twtt ($740 m) and the layer 2A event is discontinuous and more variable in depth.
[32] The deepest magma lens imaged in our survey is found beneath the axial high portion of segment R with an average depth of 1190 ± 90 msec twtt ($2900 m) bsf (Figures 4d and 5e) . A supergather showing a weak magma lens reflection is shown in Figure 6c . No magma lens is imaged beneath the axial valley subsegment. Average layer 2A thickness along segment R is 340 ± 70 msec twtt ($510 m) (Figures 4d and 5e) . The layer 2A event is detected for most of the segment and (Figures 1 and 2) , has the shallowest magma lens ($1480 m bsf) of any of the segments studied and the thinnest on-axis layer 2A (average thickness $310 m) (Figure 4) . The magma lens is $1 km wide and present beneath $30% of the segment (poor data acquisition conditions likely contribute to this limited extent as discussed earlier). The shallow crustal structure of segment P1 is comparable to the fast spreading EPR, where magma bodies are imaged at depths of 1200-1600 m bsf with an average width of $725 m 
Rifted Axial High
[34] Segment P2 has a rifted axial high morphology, which is a much more common axial morphology along intermediate spreading rate ridges [Hooft and Detrick, 1995; Canales et al., 1997] . This segment has a deeper magma lens (average depth $2100 m bsf) than segment P1, and thicker on-axis layer 2A (average of $460 m) (Figure 4d ). At other intermediate ridges with rifted axial highs, such as the GSC, little off-axis thickening is seen [Blacic et al., 2004] . Axial highs and rifted axial highs have distinctly different shallow axial crustal structure.
Axial Valleys
[35] Axial valleys characterize segments P4 and S1. A magma lens is not imaged at either of these segments, and layer 2A is thicker on-axis than at segment P1 (P4: $450 m, S1: $800 m) (Figure 4d ). Large variations in on-axis layer 2A thickness are found along segment S1. Although we cannot completely rule out imaging limitations due to, for example, the rough axial topography, our data indicate a direct relationship between the presence or absence of a magma lens reflector and axial morphology. Along the SEIR, segments with a magma lens have an axial high and segments without a magma lens have an axial valley.
Transitional Segments
[36] Transitions in morphology from an axial high to axial valley occur in segments P3 and R. As discussed earlier, segment P3 is composed of three subsections, with an axial high section in the west, a rifted axial high in the center and an axial valley section in the east. Changes in axial morphology are abrupt and coincide with minor third-or fourthorder segment boundaries [Cochran and Sempere, 1995] . The melt lens drops abruptly from 1900 m bsf to 2320 m bsf coincident with the boundary between the axial high and rifted axial high subsections (Figures 4d and 5c ). No melt lens is imaged in the axial valley subsegment. The average on-axis thickness of layer 2A also increases from $370 m along the axial high and rifted axial high portions of the segment to $740 m in the axial valley subsegment. These abrupt transitions in axial morphology with corresponding abrupt changes in the depth/presence of the magma lens reflection and in layer 2A thickness suggest that these are distinct modes of crustal accretion.
[37] Along this section of the SEIR, the ridge flank depths vary slowly and smoothly. Ridge flank depths on the swath bathymetry profiles across Segment P4 with a shallow axial valley are only about 50 m deeper than the average ridge flank depths in Segment P2 with a rifted axial high. This small change in depth suggests that the change in axial morphology does not result from a large change in mantle temperature, but rather is a threshold-type response to a gradual increase in mantle temperature to the west.
[38] Segment P3 also marks a regional transition in ridge structure along the SEIR. Segments to the west of P3 consistently have axial highs (either rifted or EPR-like) whereas axial valleys are found along almost all segments east of P3 through to the AAD (the single exception, segment R, is discussed below). The segregation of axial highs to the west of segment P3 and axial valleys to the east of the segment supports the hypothesis that at a constant spreading rate, the axial morphology depends on the mantle temperature. The rapid transitions in axial morphology within P3 coinciding with the disappearance of a detectable magma lens suggest that there is a threshold-type trigger for these related changes in axial morphology and shallow crustal structure.
[39] Anomalous segment R, located east of the regional transition to axial valley morphology, has an axial high along its western portion. Average abyssal hill relief for the entire segment is high and comparable to that observed within the adjacent axial valley segments . Though the morphology of the western part of segment R is similar to that of segment P1, the magma lens imaged beneath this region lies much deeper in the crust (by $1400 m). Cooler mantle temperatures for segment R are inferred from the regional gravity and ridge flank depth gradients, possibly accounting for a magma lens that resides deeper in the crust. The thickness of layer 2A on-axis is also greater here than at P1, and falls within the range observed for axial valley segments. As discussed below, segment R is a leading ridge segment in the absolute plate motion reference frame, and the anomalous nature of this segment may reflect enhanced magma delivery due to the ridge migration effect proposed by Carbotte et al. [2004] . (Figures 3a and 3b) [Carbotte et al., (Figures 3a and 3b) . Along the western GSC, axial morphology changes from an axial high in the east, to rifted axial high, to shallow axial valley and then to an axial valley in the west away from the Galapagos hot spot. The transition from axial high to rifted axial high morphology along the GSC occurs at 92°38 0 W [Sinton et al., 2003 ] and coincides with an abrupt increase in magma lens depth from 1.5-2.5 km to 2.5-4.25 km, along with a thickening of layer 2A from 150-350 m to 300-500 m . The inflated western GSC thus shares the same properties as the SEIR in terms of variations in the depth/presence of a magma lens and thickness of layer 2A with changes in axial morphology.
[41] The underlying cause of changes in magma supply at these ridges may differ, although the abrupt transitions in ridge structure that result are similar. At 16°N on the EPR, a linear seamount chain extends west of the shallow and broad southern segment, and the inflated ridge morphology and shallow magma lens observed here are attributed to enhanced magma supply due to tapping of the magmatic source for the seamount chain [Carbotte et al., 2000] . Along the GSC, variations in magma supply with distance from the Galapagos hot spot and with changes in spreading rate may both contribute to the observed changes in shallow crustal structure with the influence of these factors difficult to distinguish . Along the SEIR, spreading rate is constant and changes in ridge morphology appear to be related to along-axis changes in mantle temperature causing changes in magma supply to the crust Sempéré et al., 1997] . The trigger for changes in ridge structure may differ in different tectonic settings, but the transition is consistently abrupt indicating a threshold type response. spreading rate, with faster spreading rate ridges having shallow magma lenses, and slower spreading rate ridges having deeper magma lenses. Figure 8a shows AMC depths plotted as a function of spreading rate redrawn from Carbotte et al.
Relationship Between Magma Supply and Axial Morphology
[1998] with our data from the SEIR included. In this figure we distinguish data from axial high (blue oval) and rifted axial high (green oval) segments. Also shown is the predicted depth to the magma lens reflector (salmon-colored curve), assumed to be the freezing horizon for melts, with the assumption of a 6 km-thick crust from Phipps Morgan and Chen [1993] . The Phipps Morgan and Chen model predicts a rapid increase in the depth to the magma lens reflector at intermediate rates, as is generally observed. Depth to the magma lens for segments with well-developed axial highs decreases slowly with decreasing spreading rate. Along the Reykjanes Ridge, a well-developed axial high and a shallow magma body are observed [Sinha et al., 1997] despite slow spreading rates. At rifted axial high segments, depth to the magma lens reflector increases rapidly with decreasing spreading rate and rifted axial highs have not been mapped at spreading rates less than $45 mm/yr (Figure 8a ). Individual segments of the SEIR fit with these global mid-ocean ridge trends. Both the axial high and the rifted axial high segments of the SEIR and GSC occur at a range of depths, comparable to other mid-ocean ridges. Segment R plots within the rifted axial high field reflecting its transition in morphology. On the other hand, P3 has distinctly different subsegments, including an axial high and rifted axial high subsegment that plot within the ranges observed elsewhere for these morphologies.
[43] The on-axis thickness of layer 2A also varies with axial morphology (Figure 8b ). At axial high segments at both fast and intermediate spreading ridges, layer 2A is thin on-axis. For segments with an axial valley or a rifted axial high, layer 2A is thicker and/or more variable in thickness on-axis. This difference is most likely due to the presence of inward-facing faults near the axis at ridges axes with rifted highs or axial valleys. These faults prevent flow of magma downhill away from the axis, so layer 2A reaches its full thickness on-axis.
Steady State Nature of Accretion Along the SEIR
[44] Along the SEIR we find an excellent correlation between the location of magma lenses and MBA gravity lows at the axis, shallower depths on the ridge flanks, and lower bathymetric roughness for crust up to 1 m.y. in age (Figure 4 ). Both the MCS image and the MBA gravity give a picture of crustal and mantle structure at the present time, whereas ridge flank depths and bathymetric roughness reflect crustal accretion conditions in the past. The correlation of ridge axis properties with ridge flank properties suggest that patterns of accretion along the SEIR are steady state; that locations of vigorous mantle supply of melt have not changed with time over the past 1 m.y. [45] In all four of the segments (P1, P2, P3, and R) in which magma lenses are detected, a MBA gravity low coincides with the location of the magma lens (Figure 4) . MBA lows are commonly interpreted as caused by thicker crust and/or the presence of hotter mantle [e.g., Kuo and Forsyth, 1988; Lin et al., 1990; Wang and Cochran, 1993; Detrick et al., 1995] . The MBA lows observed along the SEIR are associated with the presence of an axial magma lens and shallow axial depth consistent with enhanced supply of melt from the mantle at these locations.
[46] Ridge flank depths measured by Ma and Cochran [1997] show local shallow regions within each segment, superimposed on the regional increase in depths to the east that mimics the ridge axis trend (Figure 4 ). Flank depths are measured in this study at 10 km from the ridge axis, which corresponds with crustal ages of 260,000 years. Whereas the large changes in axial depth must reflect, in part, dynamic support of the ridge axis morphology, the depth changes on the ridge flanks are assumed to be isostatically supported, reflecting variations in crustal thickness. Ma and Cochran [1997] attribute the shallower off-axis areas to slightly thicker crust reflecting locally enhanced melt supply when formed. The regions of shallowest ridge flank depth within segments P1, P2, and Figure 8 . (a) Average depth to the magma lens with spreading rate. The salmon curve is the 1200°C isotherm calculated from the ridge thermal model of Phipps Morgan and Chen [1993] . Ellipses represent axial high (blue) and rifted axial high (green) morphologies and suggest a different range of magma lens depths dependent on axial morphology. Axial highs have a small range of shallow depths for the magma lens, and rifted axial highs have a deeper magma lens that increases rapidly in depth with decreasing spreading rate. Ridges included are Reykjanes Ridge (RR) [Sinha et al., 1997] , Juan de Fuca Ridge (JdF) [Morton et al., 1987] , Costa Rica Rift (CRR) [Mutter et al., 1995] , Lau Basin (Lau) [Collier and Sinha, 1990] , Northern and Southern East Pacific Rise (NEPR, and SEPR) [Detrick et al., 1987; Purdy et al., 1992; Carbotte et al., 1998 ], Galapagos Spreading Center (GSC) , and Southeast Indian Ridge (SEIR) (this paper). The SEIR data are also plotted in turquoise dots, representing the average depth to the magma lens for each segment. Adapted from Carbotte et al. [1998] Harding et al. [1993] and Kent et al. [1993a Kent et al. [ , 1993b ; 14°S Kent et al. [1994] and Hooft et al. [1997]; and 17°S Carbotte et al. [1997] and Hooft et al. [1997] . Galapagos Spreading Center (GSC): Detrick et al. [2002] (twtt converted to depth using an assumed velocity of 2.5 km/sec. Costa Rica Rift (CRR): Buck et al. [1997] and Floyd et al. [2002] . Juan de Fuca Ridge (JdF): Rohr [1994] and McDonald et al. [1994] and Morton et al. [1987] P3 coincide with on-axis MBA lows, and magma lens location (Figure 4) supporting the idea of a long-lived enhanced melt supply in these particular locations.
[47] In their analysis of bathymetric roughness on the flanks of the SEIR, Ma and Cochran [1997] found v-shaped lows in roughness roughly centered on segment midpoints (Figure 4a , Segments P1, P2 and R). They attributed these regions of lower abyssal hill relief to weaker axial lithosphere resulting in smaller throw faults. They further speculated that each of these roughness lows might be associated with a melt body onaxis. Our work indicates that each of the bathymetric roughness minima in segments P1, P2 and R does indeed coincide with the location of a melt lens on-axis. Remarkably, two roughness minima are observed in segment P3 that coincide with the two western subsegments of P3, both of which have an axial magma lens. The roughness estimates in Ma and Cochran [1997] are averaged over 40 km perpendicular to the axis, representing over 1 million years. The persistence of the bathymetric roughness minima at the same location over 1 m.y. suggests that the magmatic centers of these segments have remained constant over this time.
Local Controls on Melt Supply Along the SEIR
[48] The large-scale regional changes in ridge axis depth and morphology observed along the SEIR are associated with a west to east decrease in mantle temperature approaching the AAD inferred from axial gravity data with presumed changes in magma supply to the crust [e.g., Cochran et al., 1997; Sempéré et al., 1997] . Superimposed on this long wavelength trend are local, shorterwavelength, variations in axial depth and morphology. These inter-segment variations may reflect local differences in magma supply to ridge segments associated with the ridge migration effect proposed by Carbotte et al. [2004] . From a study of changes in axial depth across ridge-axis discontinuities, Carbotte et al. [2004] find that ridge segments offset in the direction of ridge migration over the deep mantle (termed ''leading'' segments) are typically the shallower and morphologically robust segments. Carbotte et al. [2004] propose that asymmetric mantle upwelling and melt production due to ridge migration combined with 3D melt tapping from this asymmetric melt production zone, may account for these observations. In their model, magma supply to leading segments across a discontinuity is enhanced by preferential entrainment of melts from the faster upwelling, more melt rich mantle beneath an advancing plate.
[49] The SEIR is migrating to the northeast in the absolute motion reference frame (Figure 9 ) [e.g., Small and Danyushevsky, 2003] . Hence leading segments across discontinuities of this ridge are those that are offset to the north (i.e., P3, R) ( Figure 9 ). Within our study area, axial highs are found preferentially along leading segments and in most cases leading segments are shallower than adjacent trailing segments (Figure 9 ). Additionally, magma bodies in the crust are found preferentially at leading segments. Beneath leading segment P3, a bright continuous magma lens is found at the northwestern end of the segment, reaching shallower depths in the crust than the isolated magma lens detected beneath adjacent trailing segment P2. All segments east of P3 display axial valleys, except for segment R, which is also a leading segment (Figure 9) . A deep magma lens is found beneath the axial high portion of this segment, whereas there is no evidence for magma in the crust beneath the adjacent trailing segment S1. These observations support the notion that magma supply to leading segments is enhanced and are consistent with predictions of the ridge migration model for segmentscale variations in magma supply.
Conclusions
[50] 1. Along the SEIR, axial morphology is directly related to shallow crustal structure, suggesting distinct modes of crustal accretion. Axial highs along the SEIR have shallow magma lenses, and thin onaxis layer 2A. Rifted axial highs have deeper magma lenses, and thicker on-axis layer 2A. Magma lenses are not detected beneath segments with axial valleys, and layer 2A is thick on-axis.
[51] 2. Changes in axial morphology along the SEIR are abrupt, suggesting a small change in mantle temperature causes a large change in crustal structure. Abrupt changes in axial morphology are also seen between segments at other ridges.
[52] 3. Current variations in axial crustal structure along the SEIR appear to persist through time, at least for the past 1 m.y. Locations of magma lenses along axis correspond to MBA gravity lows as well as off-axis features of shallower ridge flank depths, and lower relief abyssal hills. It appears that magma lenses have existed in the same location for at least the last $250,000 years and probably for the past 1 million years, suggesting that the SEIR is in steady state.
[53] 4. In the global system, magma supply controls ridge morphology and crustal structure at a given spreading rate. Axial highs, over a wide range of spreading rates, have a limited range of depths to magma lens ranging from 1 km to 2.25 km. Rifted axial highs occur only at intermediate spreading rates and have a range of magma lens depths of 2.5-4 km. No magma lens has been imaged to date beneath ridge axes with an axial valley.
[54] 5. Regional changes in ridge morphology are attributed to a long wavelength gradient in mantle temperature beneath the SEIR, with axial high segments found where warmer mantle is inferred, and axial valleys located where the mantle is cooler. Superimposed on this regional trend are intersegment variations consistent with variable magma supply associated with ridge migration. Within both the axial high and axial valley dominated portions of the SEIR, leading segments are preferentially associated with an axial high morphology, shallower axis depths, and detectable magma bodies in the crust. 
